Remote sensing offers great potential for detecting changes of the thermal state of permafrost and active layer dynamics in the context of Arctic warming. This study presents a comprehensive feasibility analysis of satellite-based permafrost modeling for a typical lowland tundra landscape in the Lena River Delta, Siberia. We assessed the performance of a transient permafrost model which is forced by time series of land surface temperatures (LSTs) and snow water equivalents (SWEs) obtained from MODIS and GlobSnow products. Both the satellite products and the model output were evaluated on the basis of long-term field measurements from the Samoylov permafrost observatory. The model was found to successfully reproduce the evolution of the permafrost temperature and freeze-thaw dynamics when calibrated with ground measurements. Monte-Carlo simulations were performed in order to evaluate the impact of inaccuracies and in model forcing and uncertainties in the parameterization. The sensitivity analysis showed that a correct SWE forcing and parameterization of the snow's thermal properties are essential for reliable permafrost modeling. In the worst case, the bias in the modeled permafrost temperatures can amount to 5
Introduction
Thus, current approaches of permafrost monitoring make use of surface indi-23 cators such as vegetation cover (Stow et al., 2004) , geomorphological units, 24 or combinations of different surface features (Panda et al., 2010) in non-mountainous terrain (Langer et al., 2010; Westermann et al., 2011b) .
36
However, model approaches are always subject to numerous assumptions, 37 limitations, and uncertainties resulting from e.g. neglected processes and satellite data that delivers soil temperature and thaw depth, and (iii) evaluate 48 the performance of the scheme and provide a sensitivity analysis for uncertain 49 model parameters and inaccurate forcing data. 
Validation site

51
The study site is located in Northern Siberia on Samoylov Island (72.4 • N; 52
126.5
• E) in the Lena-River Delta (Fig. 1) . The local climate is described as 53 arctic-continental with a mean annual air temperature (MAAT) of about
54
−13
• C and a large annual air temperature amplitude ranging from about
55
−45
• C in winter to 20
• C in summer (Boike et al., 2012a) . The total annual 56 precipitation is about 200 mm of which about 25% falls as snow during winter 57 (Boike et al., 2008; Langer et al., 2011a) . The polar night lasts from the mid 58 of November to end of January and polar day lasts from the beginning of (Grigoriev, 1960) and features relatively cold temper-
62
atures of about −9
• C at the depth of zero annual amplitude (20 m) (Boike 63 et al., 2012b) . However, temperature observations indicate strong changes 64 in the thermal state of permafrost which shows a steady warming of about
where T is the soil temperature, C h the volumetric soil heat capacity and K h 96 the soil thermal conductivity. 
where j represents each soil component (ice, water, mineral, and organic).
103
The soil thermal conductivity K h is based on a modified version of the 104 deVries-model (De Vries, 1952) applicable in frozen or partly frozen soils, which has been successfully employed in permafrost modeling (Westermann 106 et al., 2011a; Weismüller et al., 2011) . The soil heat conductivity K h is then 107 calculated as
where f j summaries soil specific parameters including shape factors for soil 109 particles and threshold values for soil water circulation. A more detailed 110 description of the parameterization can be found in Campbell et al. (1994) .
111
The volumetric content of liquid soil water with temperature Θ w (T ) is the 112 freeze curve of the soil and strongly depends on soil composition and struc- for T < 0 Θ w (max) for
where a and b are empirical factors, whereas Θ w(max) and Θ w(min) are the 116 maximum and minimum liquid water content, respectively.
117
For the numerical solution of the model, the heat transfer equation (Eq. 1)
118
is discretized spatially with finite differences. The time derivatives are solved 119 using an ordinary differential equation solver (ode15s) provided by MATLAB 120 which uses a self-adaptive time integrator and is well suited for stiff problems 121 (Shampine and Reichelt, 1997) . 
Model setting, boundary conditions, and initialization
123
The model is solved on a soil domain ranging from 0 to 600 m depth 
At the lower boundary of the soil domain, a constant geothermal heat flux
147
Q geo is applied. Global heat flow data are available through the International
148
Heat Flow Commission (IHFC) (Pollack et al., 1993 cause a cold bias during winter . A number of stud-
193
ies have addressed the difficulties associated with clustered LST data when 194 used to derive long-term LST averages Langer et al., 195 2010; Westermann et al., 2011b lakes and rivers (Foster et al., 2005; Derksen et al., 2005 Derksen et al., , 2011 
271
The performance of the model is validated by comparing the simulated field observations . The high uncertainty class of the 326 soil components is assumed to realistically represent the potential variability 327 of low land tundra soils which can range from medium-dry organic soils to wa-328 ter/ice saturated mineral soils (Boike et al., 2012a found by the fitting procedure (cp. Sect. 3.4) by which the evolution of snow 384 depth can be relatively well reproduced (Fig. 4) . The fitted snow density is 385 well within the range of snow density measurements performed at the same 386 study site (Boike et al., 2012a 
Model performance and uncertainty
406
The model performance with regard to temperature is shown in while the lower limit stays almost constant in the course of the target period.
444
In both depths, the measured soil temperatures mostly stay within the limits 445 of the low uncertainty class.
446
A comparison of measured and simulated thaw depths at the end of July is 447 shown in Fig. 6 than that of the snow density which controls heat capacity and depth of the 504 snow cover.
505
The sensitivity of the modeled thaw depths to uncertainties in the param-eterization is exemplarily displayed for the year 2010 (Fig. 8) 
Uncertainty due to forcing data
525
The sensitivities of the model to potential inaccuracies in the LST and
526
SWE forcing data are illustrated in Fig. 9 and Fig. 10 . Assuming a low accu-527 racy in LST and SWE leads to a strong spread in the resulting temperature 528 distributions in both depths (Fig. 9) . In contrast to the temperature distri- 
547
The uncertainty in the modeled thaw depth is less than ±10 cm for the 548 lowest accuracy level of the combined LST and SWE simulation (Fig. 10) .
549
For the higher accuracy levels, the uncertainty in thaw depth spreads only 550 in negative direction. The median of the uncertainy distribution equates 551 always to the thaw depth which is calculated in the best fit model run.
552
The simulations show that inaccuracies in the SWE forcing only marginally 553 contribute to the uncertainties in thaw depth. other polar regions (Koenig and Hall, 2010; Hachem et al., 2012 which is most likely caused by the thermal insulation of the snow cover and 575 the delayed refreezing due to the phase change of soil water (Goodrich, 1982; 576 Romanovsky and Osterkamp, 2000; Smith et al., 2010) . Inaccuracies in the
577
LST forcing are especially critical during summer when they are not overlain 
582
The SWE forcing generated from the GlobSnow and MODIS SCF prod-583 ucts reproduces the evolution of the snow depth at the study site relatively 584 well by assuming a constant snow density. The combination of both snow 585 cover products provides a better reproduction of the onset of snow cover.
586
Comparing the simulated and the measured soil temperatures reveals tem- dynamics can be very complex and dependent on regional factors (Zhang, 608 2005). The performed sensitivity study demonstrates that a highly accurate 609 snow cover forcing is crucial for reliable permafrost modeling. 
Applicability of the model scheme
611
The results of this study demonstrate that permafrost modeling in low 612 land tundra based on remote sensing data is in principle possible, provided 613 that a correct snow cover forcing is available. A fairly simple model scheme 614 with very coarse approximations on soil strata, snow cover properties, and 615 neglected soil water flow reasonably reproduces the temperature and freeze-thaw dynamics at the study site over a period of 5 years. In addition, the 617 observed warming of deeper permafrost at the study site could be reproduced.
618
Note that the borehole temperatures that are used for validation represent 619 the specific thermal sate at one point of the study site which is unlikely to 620 be exactly reproduced by the generalized soil parameterization of the model.
621
Hence, it can not be expected that the model exactly reproduces the bore-622 hole measurements. However, the best fit result of this study is comparable and is expected to change even more pronounced in the future (Callaghan 652 et al., 2011; Derksen and Brown, 2012) .
653
The performed sensitivity analysis takes into account a wide range of soil types ranging from medium-dry organic soils to water/ice saturated mineral helped to improve our manuscript. 
